The outcome of this competition depends in part on the intensity of the original training and the number of extinction trials; if the original training is highly robust and/or the number of extinction trials is too small, the "inhibitory" or CS-noUS trace may not gain appreciable control of behavior. Our findings, using two different species, different memory paradigms, and different consolidation blockers with different molecular targets, suggest that the trace that retains or is in the process of gaining appreciable control over behavior after the retrieval session (i.e., becomes dominant) is the one that displays transient sensitivity to the consolidation blocker. In other words, the stability of the trace, as judged by insensitivity to consolidation blockers, is inversely correlated with trace dominance. It remains possible that the drugs block extinction under some conditions but accelerate it under other conditions. This differential effect is highly unlikely, particularly in light of the aforementioned prevalent view that extinction is relearning (2, 18 -20) and that consolidation blockers disrupt the formation of the long-term trace (21-23); acceleration of extinction by the two different consolidation blockers might have implied that these agents enhance memory formation, for which there is no evidence.
The outcome of this competition depends in part on the intensity of the original training and the number of extinction trials; if the original training is highly robust and/or the number of extinction trials is too small, the "inhibitory" or CS-noUS trace may not gain appreciable control of behavior. Our findings, using two different species, different memory paradigms, and different consolidation blockers with different molecular targets, suggest that the trace that retains or is in the process of gaining appreciable control over behavior after the retrieval session (i.e., becomes dominant) is the one that displays transient sensitivity to the consolidation blocker. In other words, the stability of the trace, as judged by insensitivity to consolidation blockers, is inversely correlated with trace dominance. It remains possible that the drugs block extinction under some conditions but accelerate it under other conditions. This differential effect is highly unlikely, particularly in light of the aforementioned prevalent view that extinction is relearning (2, 18 -20) and that consolidation blockers disrupt the formation of the long-term trace (21) (22) (23) ; acceleration of extinction by the two different consolidation blockers might have implied that these agents enhance memory formation, for which there is no evidence.
Our findings could be construed in the context of the reconsolidation hypothesis, which posits that after retrieval the activated trace must undergo a process of stabilization to enter again into a long-term phase (7) (8) (9) (10) . A caveat is, however, appropriate. We do not yet know whether the effect of consolidation blockers after retrieval is identical to their effect after acquisition. The possibility that the effect might be different is hinted at by reports that molecular and circuit mechanisms that subserve the acquisition of original and extinguishing traces share components but are nonidentical (4, 5, 15) . For example, although we did not detect spontaneous recovery of the blocked memory [tested at 8 days in rat CTA and 2 days in medaka fear conditioning (24)], we cannot exclude the possibility that other manipulations might unveil a latent, depressed trace. This could indicate performance or retrieval deficit rather than storage deficit. It is noteworthy that although a predominant assumption is that blockade of consolidation after acquisition leads to storage deficit, explanations based on retrieval deficits were not abandoned [e.g., (11) ].
The proposed relationship between the susceptibility to disruption and the dominance of the trace after retrieval, which probably is an experimental manifestation of the theoretical dichotomy "active-inactive" memory (25) , may explain some lingering discrepancies in the literature on the effect of consolidation blockers after retrieval. It may also be of potential value in designing protocols for selective modification of different longterm associations of a target item in memory. Adaptive behavior is optimized in organisms that maintain flexible representations of the value of sensory-predictive cues. To identify central representations of predictive reward value in humans, we used reinforcer devaluation while measuring neural activity with functional magnetic resonance imaging. We presented two arbitrary visual stimuli, both before and after olfactory devaluation, in a paradigm of appetitive conditioning. In amygdala and orbitofrontal cortex, responses evoked by a predictive target stimulus were decreased after devaluation, whereas responses to the nondevalued stimulus were maintained. Thus, differential activity in amygdala and orbitofrontal cortex encodes the current value of reward representations accessible to predictive cues.
An organism's ability to predict future events, such as food or danger, on the basis of relevant sensory cues is emblematic of associative learning. This phenomenon can be studied with classical conditioning, whereby a previously neutral item (the conditioned stimulus, CSϩ) acquires importance after being paired with a biologically salient reinforcer (the unconditioned stimulus, UCS). The efficacy of conditioning depends on establishing CS-UCS links, but evidence suggests that a CSϩ can invoke multiple, unique UCS representations, including sensory properties, reward value, or associated affective states (1) . Clarifying the neural substrates that support these associative links has important implications for biological models of reinforcement learning (2, 3) . Neuroimaging studies emphasize the roles of amygdala and orbitofrontal cortex (OFC) in human classical conditioning (4-7), but no experiment has characterized the psychological underpinnings of these activations. Reinforcer devaluation offers a means of dissociating among the various central representations that a CSϩ may engage. This approach has been applied to animal studies of appetitive learning, which show that damage to amygdala and OFC Functional Imaging Laboratory, Wellcome Department of Imaging Neuroscience, 12 Queen Square, London WC1N 3BG, UK.
*To whom correspondence should be addressed. Email: j.gottfried@fil.ion.ucl.ac.uk interferes with the effects of reinforcer devaluation (8) (9) (10) (11) . However, it remains unclear from lesion studies what precise information is encoded within these structures.
We used functional magnetic resonance imaging (fMRI) to determine the impact of reinforcer devaluation on responses evoked by predictive cues. If amygdala and OFC maintain representations of predictive reward value, then neural responses evoked by a CSϩ should be sensitive to experimental manipulations that devalue predicted reward. On the other hand, insensitivity to devaluation would indicate that the role of these areas in associative learning is independent of, or precedes linkage to, central representations of their reward value. Thirteen hungry subjects were scanned during learning and anticipation of two food-based olfactory rewards, both before and after selective satiation (12) . One odor was destined for reinforcer devaluation (target UCS), whereas the other underwent no motivational shift (nontarget UCS). Arbitrary visual images comprised target and nontarget CSϩ stimuli, which were either paired (CSϩp) with the corresponding UCS or unpaired (CSϩu) (4). Another image was never paired with odor (CS-) ( Fig. 1) .
During initial training, subjects learned the picture-odor associations while performing a visuospatial discrimination task. Reaction times (RTs) provided independent evidence for conditioning (6, 13) and confirmed that subjects responded significantly faster to the target and nontarget CSϩ, compared with CS-, during the first half-session ( Fig. 2A ). Significant neural responses in posterior amygdala, rostromedial OFC, ventral midbrain, primary olfactory ( piriform) cortex, insula, and hypothalamus ( Fig. 2B and table S1) highlighted regions that participate in the acquisition of picture-odor contingencies. This network is similar to activation patterns evoked in previous imaging studies of appetitive conditioning (6, 7) .
After training, subjects received the same contingencies in two further sessions. Between sessions, subjects were removed from the scanner and fed until sated with a meal corresponding to the target odor identity, thereby reducing the motivational value of the target UCS without affecting nontarget UCS value. Hunger level and food pleasantness both significantly declined at the end of the meal (12) (Fig. 3, A and B) . Subjects reported no significant differences in odor pleasantness between target (4.42 Ϯ 0.85; mean Ϯ SEM) and nontarget (4.21 Ϯ 1.11) UCS in the pre-satiety state (P ϭ 0.75). Critically, ratings from pre-to post-feeding significantly decreased for the target UCS (P Ͻ 0.01) in the absence of changes for the nontarget UCS (P ϭ 0.46), reflecting the efficacy of selective satiation in lessening the value of the target UCS (Fig. 3C) . Ratings of odor intensity did not differ between target and nontarget UCS or as an effect of satiety. There were no significant differences in sniff amplitude or latency between target and nontarget conditions in pre-or post-satiety sessions.
Our aim was to identify brain regions showing differential responses to the target CSϩu from pre-to post-satiety (relative to nontarget CSϩu responses) (12) . We found significant response decrements in left dorsomedial amygdala, which spanned regions adjacent to posterior cortical and basomedial amygdala nuclei (Fig. 3D ). Significant differential activity was also detected in multiple areas of OFC (Fig. 3E) . Contrast estimates of signal change from amygdala and OFC demonstrated satiety-related declines in target CSϩu activity with preserved nontarget CSϩu activity (Fig. 3, D and E) , paralleling behavioral effects of satiation. Conversely, satiety-sensitive neural responses in ventral striatum, insula, and anterior cingulate exhibited a different pattern of activity, reflecting both decreases to the target CSϩu and increases to the nontarget CSϩu (Fig. 3F and table S2 ).
Numerous studies have documented the effect of hunger states on food-related processing in OFC, amygdala, and insula (14) (15) (16) (17) (18) , but none has investigated the influence of selective satiation on evoked activity patterns in the context of associative learning. Our results underscore the selective impact of hunger and satiety on the neural correlates of reward prediction: When a food changes from delectable to distasteful, the brain responses evoked by a predictive cue are attenuated in areas that maintain responses to predictors of other palatable stimuli. Thus, amygdala and OFC activity evoked by the target CSϩu decreased from pre-to post-satiety, parallel to the reward value of the target UCS, whereas activity did not change to the nontarget CSϩu, indicating that the concurrent reward value of predictive stimuli may be represented in amygdala and OFC. This proposal accords with animal studies of reinforcer devaluation (8-11) and olfactory reversal learning (19, 20) , demonstrating the importance of amygdala-OFC networks to motivational and incentive processes. Fig. 1 . Experimental task. In a paradigm of appetitive olfactory learning, arbitrary pictures comprised the target (Tgt) and nontarget (nTgt) CSϩ stimuli. These were coupled with their corresponding odor UCS on 50% of all trials, resulting in paired (CSϩp) and unpaired (CSϩu) event types. A nonconditioned stimulus (CS-) was never paired with odor. During each trial, subjects indicated whether the picture appeared on the left or right side, and they sniffed upon delivery of a sniff cue (red asterisk). The same contingencies and task were repeated for all sessions. In contrast, other brain regions, including ventral striatum, insula, and cingulate cortex, exhibited both response decreases to the target CSϩu and response increases to the nontarget CSϩu. As an effect of selective satiation, the relative reward value of the nontarget (nondevalued) CSϩu might be enhanced. Human physiological studies of satiety indicate that the pleasantness of an unsated food can actually increase at the same time that sated items become less appetizing (21) . Indeed, shifting the balance of reward representation from consumed to unconsumed foods may optimize the motivational basis for food selection.
Do the satiety-related effects we observed reflect an ability of a CSϩ to access representations of UCS reward value? We determined whether activations modulated by reinforcer devaluation are expressed in the same regions that encode representations of odor UCS (12) . Significant overlapping responses in dorsal amygdala and caudal OFC (table S2) suggest that the CSϩ gains access to UCS representations of reward value encoded in these areas.
Satiety-sensitive regions not detected in this analysis (Fig. 3F) are also critical to associative learning but appear to mediate different aspects of reward prediction (1, 22) . These structures could help assign reward value to the CSϩ itself or discriminate relative values among predictive stimuli.
Finally, we examined whether brain regions that encode predictive reward value also participate in the initial acquisition of stimulus-reward contingencies (12) . We detected significant responses in medial temporal lobe, with peaks in amygdala posteriorly and piriform cortex anteriorly (Fig.  4) . Responses were also observed in OFC, insula, hypothalamus, and cingulate cortex (table S3), indicating that many of the brain regions maintaining representations of predictive reward may be a subset of those engaged in associative learning. Animal (23) and human (6, 24 ) studies indicate that primary olfactory structures are not mere sensory relays, but participate in higher order computations related to learning and motivation. The same considerations can be applied to taste processing: The anterior portion of insula activated here falls within a zone defined as human gustatory cortex (25) , suggesting that aspects of food-based reward are also updated in these structures.
In animal studies of devaluation, behavior is typically assessed with procedures uncontaminated by new learning (8) (9) (10) (11) . In our design, because picture-odor pairs were repeatedly presented after devaluation, it is possible that the satiety-specific effects could reflect new associative learning between the target CSϩ and the devalued UCS. Consequently, we performed a supplementary analysis modeling condition by time interactions for the pre-and postsatiety phases. Satiety-related decrements (of mean target CSϩu activity) were still detected in identical regions of amygdala and OFC, but there was no significant timedependent (learning-related) response decline in these brain areas (26 ) . Nevertheless, given the rapidity of initial learning (during the training phase), the possibility remains that new learning could have taken place even faster and contributed to the satiety-related responses described here.
Patients with damage to medial temporal and basal frontal lobes commonly engage in maladaptive behaviors, tending to choose immediate rewards without regard for future consequences (27) . Defective encoding of (or access to) updated reward value in amygdala and OFC could explain the inability of such patients to modify responses when expected outcomes change (20) . Our findings also have implications for the feeding derangements described in Kluver-Bucy syndrome (28) and frontotemporal dementia (29) . These patients display symptoms ranging from in- creased appetite and changes in food preference to hyperorality and consumption of nonfoods. Such phenomena may arise out of a disabled network involving OFC and amygdala, whereby routine (learned) food cues no longer recruit motivationally appropriate representations of food-based reward value.
Theoretical and computational models of reward learning postulate the concept of motivational "gates" that traffic information flow between internal representations of the CSϩ and the UCS (2, 30) . These gates are the targets of motivational signals (likely a combination of sensory, visceral, autonomic, and interoceptive factors) and determine the likelihood that stimulus-reward associations activate appetitive systems. The neural mechanisms that support these processes are not well characterized. Our data show that neural responses evoked by a CSϩ in amygdala, OFC, ventral striatum, insula, cingulate, and hypothalamus are directly modulated by hunger states, indicating that this structural network underpins Pavlovian incentive behavior in a manner that meets the requirements of a motivational gate.
SIR1, an Upstream Component in
Auxin Signaling Identified by Chemical Genetics Auxin is a plant hormone that regulates many aspects of plant growth and development. We used a chemical genetics approach to identify SIR1, a regulator of many auxin-inducible genes. The sir1 mutant was resistant to sirtinol, a small molecule that activates many auxin-inducible genes and promotes auxin-related developmental phenotypes. SIR1 is predicted to encode a protein composed of a ubiquitin-activating enzyme E1-like domain and a Rhodanese-like domain homologous to that of prolyl isomerase. We suggest a molecular context for how the auxin signal is propagated to exert its biological effects.
Auxin has been implicated in almost every aspect of plant growth and development. Molecular genetics studies on auxin-resistant Arabidopsis mutants (1, 2) and biochemical analyses of early auxin-inducible genes (3, 4) have elucidated many aspects of auxin signaling. The current model of auxin signaling suggests that negative regulators such as the auxin/indole-3-acetic acid (Aux/IAA) proteins are targeted for degradation in an auxin-dependent manner through the ubiquitin-related protein degradation machinery, thereby derepressing a network of genes to guide proper growth and development (5). Analysis of auxin signaling by classical genetics is complicated by auxin polar transport, a process whereby an auxin-concentration gradient is maintained among neighboring cells (6) . This process limits the accessibility of certain cells and tissues to exogenous auxin, and therefore certain auxin signaling components might well be missed from genetic screens for mutants that are resistant to exogenous auxin.
Moreover, auxin polar transport and auxin signaling are well-coordinated, interdependent processes, making it difficult to isolate and specifically analyze either process. Here we identify a tool to modulate auxin signaling exclusively, without affecting auxin polar transport, in order to analyze the molecular mechanisms of auxin signaling.
We used a chemical genetics (7) approach to identify an auxin signal transduction component in Arabidopsis. Sirtinol (Fig. 1A) , an inhibitor of the Sirtuin family of nicotinamide adenine dinucleotide (NAD)-dependent deacetylases in Saccharomyces cerevisiae, affects root and vascular tissue development in Arabidopsis (8) . Sirtinol specifically activates many auxin-inducible genes, thereby promoting several auxin-related developmental phenotypes. With this approach, we identified the gene SIR1 as a key regulator of many auxininducible genes.
We screened for compounds that could alter the expression pattern and/or levels of an auxin reporter line, DR5-GUS (9) . Sirtinol caused up-regulation and ectopic expression of the auxin reporter gene (10) that was induced throughout the plant, with the highest expression levels along the vascular tissues (Fig. 1B) . We next performed a microarray analysis using the Arabidopsis "whole genome" chip (Affymetrix) to determine whether sirtinol activated the expression of auxin-inducible genes at the transcriptional level (10) . Of the 23,000 genes on the chip, about 16,000 genes gave signals that were significantly above background levels in all samples. Sirtinol treatment
